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III-V nanowires are comprehensively studied because of their suitability for optoelectronic quan-
tum technology applications. However, their small dimensions and the spatial separation of carriers
from the wire surface render electrical contacting difficult. Systematically studying ohmic contact
formation by diffusion to n-doped GaAs nanowires, we provide a set of optimal annealing param-
eters for Pd/Ge/Au ohmic contacts. We reproducibly achieve low specific contact resistances of
∼ 2 × 10−7 Ωcm2 at room temperature becoming an order of magnitude higher at T ' 4.2 K. We
provide a phenomenological model to describe contact resistances as a function of diffusion param-
eters. Implementing a transfer-matrix method, we numerically study the influence of the Schottky
barrier on the contact resistance. Our results indicate that contact resistances can be predicted using
various barrier shapes but further insights into structural properties would require a full microscopic
understanding of the complex diffusion processes.
I. INTRODUCTION
GaAs nanowires n-doped with silicon (n-GaAs) are
promising building blocks for optoelectronic devices such
as light emitting diodes (LEDs) and photovoltaic cells or
for future quantum technology applications [1–14]. For
applications requiring charge transport or the integration
into device circuitry, nanowires have to be electrically
contacted [4, 8–11]. To achieve optimal device perfor-
mance, their contacts should have a small and current
independent resistance, resembling ohmic contacts. This
imposes a challenge, as the band bending at metal-to-
semiconductor contacts leads to Schottky barriers [15]
reducing the carrier transmission and causing non-linear
current-voltage (I-V ) characteristics. A Schottky bar-
rier forms by charge transfer between the semiconduc-
tor and the metal surface driven by the equalization of
the chemical potentials of the materials at the interface.
This process results in a charge depletion zone in the
semiconductor [16, 17]. The width of the depletion zone
defines the Schottky barrier width WSB. It depends on
the concentration of free charge carriers in the semicon-
ductor, governed by the doping concentration nD, such
that WSB ∝
√
φ0/nD. It can be tuned by doping, as
increasing nD decreases WSB which enhances the trans-
mission through the barrier by quantum tunneling. The
barrier height φ0 is a material-dependent constant which
is related to the difference between the work function of
the metal and the electron affinity of the semiconduc-
tor but, practically, strongly depends on defect states at
the interface. Many applications require weak dop-
ing of semiconductors which yields wide Schottky barri-
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ers. Unfortunately, such a wide barrier corresponds to a
large specific contact resistance of typically ∼ 0.1 Ωcm2
or higher, even at room temperature. However, the spe-
cific contact resistance can be dramatically reduced and
I-V characteristics resembling ohmic behavior can be ob-
tained by enhancing the doping locally, near the inter-
face. An alternative way to reduce the absolute contact
resistance would be to increase the lateral extension of
the contact region. This possibility is, however, limited
if small nanostructures such as thin and short nanowires
have to be contacted.
Low resistance ohmic contacts to planar n-GaAs wafers
are frequently achieved by local diffusion of germanium
(Ge) atoms into the semiconductor using rapid thermal
annealing (RTA) [18]. The detailed kinetics of such a
diffusion process is material dependent, complex, and –in
most practical cases– not well understood. Consequently,
optimizing contacts is often based on a trial-and-error ap-
proach. Improved contacts to n-GaAs had been achieved
by adding a thin layer of palladium (Pd) placed between
the GaAs surface and the Ge layer, where the Pd acts
like a catalyst promoting the aspired diffusion of germa-
nium into GaAs [19]. The specific diffusion process was
described phenomenologically by a regrowth model [18].
In a nutshell, the Pd enables out-diffusion of Ga from
the GaAs wafer before it quickly diffuses through the Ge
layer away from the GaAs surface [20]. The Ge atoms
then diffuse into the gallium vacancies below the GaAs
wafer surface.
Yielding low-resistive ohmic contacts to GaAs
nanowires [4, 11] is generally more difficult than to bulk
GaAs crystals because small wires allow only for small
contact areas. In addition, their quasi one-dimensional
geometry with a high surface-to-volume ratio alters the
diffusion dynamics in nanowires compared to bulk mate-
rial. A more aggressive diffusion (e.g. at higher tempera-
ture), which in the case of bulk crystals often yields suc-
cess, likely compromises the properties and functionality
of the nanowire itself by excessive in-diffusion of Ge (away
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2from the contacts) or even deterioration of the wire be-
tween the contacts (e.g. by evaporation of arsenic). Con-
sequently, creating ohmic contacts to nanowires requires
a particularly high level of control of the diffusion dy-
namics. The most successful approach to create ohmic
contacts to n-GaAs nanowires so far is based on ther-
mal annealing of layers of Pd, Ge and a capping layer
of gold (Pd/Ge/Au) locally evaporated onto the wire
[4]. In the present work we performed an optimization
of similar Pd/Ge/Au contacts by systematically explor-
ing the annealing parameters: temperature and dura-
tion. Our wires have an undoped GaAs core covered by
an n-doped GaAs shell. We achieved record low resis-
tive ohmic contacts and confirm the enhanced quantum
tunneling through the Schottky barriers with reduced
width by transport measurements at liquid-helium tem-
peratures.
Our systematic experimental results allow for a quanti-
tative comparison with a phenomenological model, which
describes the transmission through Schottky barriers as
a function of diffusion parameters. Owing to a lack of
knowledge regarding the detailed diffusion kinetics, we
radically simplify our model to a single-stage process de-
scribed by Fick’s laws. As a consequence, we cannot
predict the realistic shape of the Schottky barrier. As a
way out, we model various barrier shapes. We find that
the measured contact resistances can be predicted inde-
pendent of the details of the Schottky barrier while it
is impossible to extract microscopic details such as the
Schottky barrier shape or diffusion parameters from our
transport data. This would require a full understanding
of the complex (multistep) microscopic diffusion dynam-
ics.
II. EXPERIMENTAL DETAILS
We have fabricated GaAs wires by Ga-assisted molec-
ular beam epitaxy on a silicon (111) substrate covered
by native oxide. After growing the ' 12µm long and
' 95 nm wide undoped GaAs cores at 630 ◦C, we added
a ' 40 nm thick silicon-doped shell by lateral growth at
430 ◦C, see Refs. [21, 22] for details. The nominal dop-
ing concentration in the shell is cSi = 9 × 1018 cm−3,
determined for similar samples. For our transport ex-
periments, we transferred the wires after growth (solute
in isopropanol) to an n+-doped silicon wafer, which is
used as an electrical field effect back gate at the same
time. To isolate the wires from the back gate, the wafer
is covered with 50 nm thermal oxide. For the fabrica-
tion of the Pd/Ge/Au contacts to the nanowire, we
used optical lithography. After development the samples
were cleaned in a HCl:H2O solution at the ratio 1:200
for 20 s, afterwards rinsed in DI water, blown dry with
N2 and loaded promptly into an electron-beam evapora-
tion chamber. Within the load lock of the evaporation
chamber, we applied three minutes of Argon-ion sput-
tering at 36 eV. This way the native oxide is removed
from the sample, where not covered by resist, including
the nanowire surface at the contact positions. Finally,
the metal layers, namely 50 nm of Pd, 170 nm of Ge, and
80 nm of Au, were deposited followed by a metal lift-off
process. In Fig. 1, we present a scanning electron micro-
R
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FIG. 1. SEM image of a nanowire including four contacts be-
fore annealing; each contact covers the nanowire over a length
of L ' 1µm. The leads form half circles to facilitate the
contacting of statistically oriented nanowires by orienting the
substrate relative to a mask for optical lithography. The inset
sketches the cross section of a wire including GaAs core and
n-GaAs shell. Approximating the hexagonal cross section by
a cylinder, we can define the nanowire radius R ' 90 nm.
scope (SEM) image of a typical wire with four contacts.
Aiming at quantum applications, we are interested in
the low-power properties of the nanowires. Consequently,
we characterized the nanowires by measuring I-V curves
for V < 80 mV employing both, two-terminal (2TM) and
four-terminal (4TM) transport measurements. In our
2TM measurements we applied a constant voltage V
between the inner contacts, 2 and 3, see Fig. 1, and
measured current I using a current voltage amplifier.
In our 4TM measurements we applied a constant I be-
tween the outer contacts, 1 and 4, and measured V be-
tween the inner contacts. Assuming that the 4TM re-
sistance R4TM = RNW represents the nanowire resis-
tance between the inner contacts and neglecting much
smaller lead resistances, we can express the average of
the two contact resistances (at contacts 2 and 3) as
Rc ' (R2 + R3)/2 ' 1/2(R2TM − R4TM). Evaporation
of the contacts onto a hexagonal shaped nanowire suf-
fers from a shadowing effect such that in our case only
roughly 50% of the nanowire circumference is actually in
direct contact with the contact material. Under this as-
sumption, we can estimate the specific contact resistance
as ρc ' piRLRc ' 0.27µm2Rc, where R = 90 nm and
L = 1µm are the nominal radius of the wire and width
of our contacts, respectively.
For comparison, we measured the 2TM and 4TM I-V
characteristics before and after diffusion of the contacts
by RTA in a furnace with electrical heating and nitrogen
3flow cooling such that the heating and cooling rates where
roughly equal and constant at ±5 K/s, as sketched in
Fig. 2. To systematically study the diffusion process, we
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FIG. 2. Temperature versus time during annealing in a Dr.
Eberl AO500 RTA-furnice. Temperature is ramped with the
rate ζ1 = 5 K/s and then kept constant at Tan for the anneal-
ing duration tan. Then the sample is cooled down to room
temperature with the rate ζ2 ' −ζ1.
varied the annealing time tan and temperature Tan for
various samples.
III. EXPERIMENTAL RESULTS
In Fig. 3(a), we show typical I-V curves resulting from
2TM and 4TM measurements at room temperature. All
curves origin from the same nanowire. Before RTA (not
annealed), R2TM ' 52 MΩ is entirely dominated by the
contacts. After not yet optimized annealing at Tan =
270 ◦C for tan = 30 s, the contact resistance drops by a
factor of 4000 to 2RC = R4TM−R2TM ' 13 kΩ, while the
nanowire resistance stays unaffected at R4TM ' 22.7 kΩ
(R4TM before annealing is not shown). In order to deter-
mine the parameters for an optimal annealing procedure,
we carried out a systematic investigation. Before dis-
cussing details, we present in Fig. 3(b) the characteristics
after optimal annealing. The figure includes 2TM and
4TM measurements at both, cryogenic and room temper-
ature. To reveal more details, here we plot the differen-
tial resistance, i.e. the derivative of I-V curves, instead
of current versus voltage. The constant value of dV/dI
at T ' 300 K corresponds to a linear I-V characteristic
and we find very low contact resistances of 2RC ' 100 Ω.
Upon cooling to T ' 4.2 K in a liquid helium bath, the
wire resistance (R4TM) as well as the contact resistances
2RC = R4TM−R2TM ' 1kΩ increase [23]. Nevertheless,
we have achieved contact resistances which are even at
cryogenic temperatures an order of magnitude lower than
our wire resistances and, importantly, much lower than
the fundamental one-dimensional resistance quantum of
h/e2 ' 25.8 kΩ. Such low contact resistances would allow
for ballistic quantum transport measurements.
The low-temperature measurements reveal a slightly
non-ohmic characteristics at low energies: at 4.2 K the
nanowire resistance R4TM increases by 18% as V is de-
creased from 20 mV to zero. We interpret this behavior
as a signature of disorder in our wires, which causes hop-
ping transport (caused by disorder-induced barriers) at
2TM not annealed
2TM annealed
4TM annealed
nanowire 1
not opimized
nanowire 2
optimized
≃300KT
2TM
4TM
2 ( ≃4K)TcR
≃300KT
≃4KT
(a)
(b)
V (mV)
V (mV)
FIG. 3. a) Room temperature I-V characteristics of a GaAs
nanowire before and after RTA. While not yet optimized
(tan = 30 s, Tan = 270
◦C), RTA reduces the contact resis-
tance by a factor of 4000 from 2RC ' 52 MΩ to about 13 kΩ.
b) Derivative of I-V curves (differential resistance) after op-
timal RTA (tan = 90 s, Tan = 270
◦C). Comparison of room
temperature and cryogenic characteristics. The red scale bars
indicate a contact resistance of 2RC ' 1 kΩ at 4.2 K, while
2RC ' 0.1 kΩ at room temperature.
cryogenic temperatures. This excludes the possibility of
ballistic linear-response transport in these specific wires.
Interestingly, we find a particularly strong increase of
R2TM compared to R4TM for very small V . 1 mV, vis-
ible as a sharp maximum of the low temperature R2TM,
black dots in Fig. 3(b). While this observation requires
further investigation, it might be attributed to a dis-
order potential increasing the effective Schottky barrier
width at low energies, i.e. for eV < kBT . We expect
that disorder-free nanowires would allow for ohmic I-V
characteristics at cryogenic temperatures and very low
energies [24].
Searching for the optimal annealing procedure, we sys-
tematically varied the RTA temperature Tan and dura-
tion tan. In Fig. 4, we present the resulting R2TM(Tan)
for three different tan, all measured at room temperature.
The highest measured resistances of R2TM ∼ 50 MΩ cor-
4FIG. 4. R2TM as a function of annealing temperature Tan
for various annealing durations tan. Optimal ranges for yield-
ing low contact resistances are indicated by red triangles and
double arrows. Individual data points correspond to individ-
ual nanowires with the exception that some nanowires have
been measured at two different Tan values if the first anneal-
ing process did not yet yield a reduced resistance. This has a
negligible influence on the results because of the strong tem-
perature dependence of the diffusion dynamics.
respond to contacts before annealing. The lowest mea-
sured resistances of R2TM ' 25 kΩ are dominated by
the nanowire resistance and correspond to contact re-
sistances of 2RC ∼ 100 Ω. We generally observe a rapid
drop in contact resistance as Tan is increased, where the
drop happens at higher temperature for shorter annealing
duration, in qualitative agreement with Fick’s diffusion
laws. Importantly, on the one hand, faster annealing
at higher temperature yields more reproducible results
within the relevant range of parameters. (The scattering
of R2TM(Tan) near the drop increases for longer tan.) On
the other hand, as Tan is increased beyond 280
◦C, the
measured resistance grows again. We believe that this
resistance increase is related to evaporation of arsenic at
high temperatures which can cause a structural deteri-
oration of the nanowires [4]. SEM images presented in
Fig. 5 support our explanation [25].
FIG. 5. SEM images of segments of two contacted nanowires
after RTA with tan = 90 s but Tan exceeding the temper-
ature range for optimal ohmic contact formation. a) At
Tan = 290
◦C the nanowire starts to thin by evaporation of ar-
senic in direct vicinity of the metal contacts, indicated by ar-
rows. (b) As Tan is further increased to 300
◦C, the nanowire
deterioration becomes stronger, in particular away from the
contacts, where the measured diameter (indicated) decreases
strongly.
As a result, the optimal range for RTA, which is indi-
cated in Fig. 4 by red double arrows, is limited by the
initial resistance drop from low Tan and the final resis-
tance increase at high Tan. It is immediately evident,
that our intermediate tan = 90 s allows for the largest
temperature window which promises lowest possible con-
tact resistances.
IV. MODEL
In the following, we develop a phenomenological model
to describe the (room temperature) contact resistance as
a function of annealing parameters RC(Tan, tan). The
purpose of the model is to provide additional understand-
ing and help us to further improve the contacts to III-V
nanowires. The model consists of two steps: first, the
identification of the donor distribution after annealing
which determines the width of the Schottky barrier and,
second, the computation of the resistance of the Schottky
barrier, i.e. the contact resistance.
The diffusion dynamics in our layered system contain-
ing several materials is very complicated and goes be-
yond the scope of the present paper. Here, we radi-
cally simplify the complex dynamics by assuming a one-
dimensional diffusion process of Ge into the semicon-
ductor described by Fick’s laws. Our simplified one-
dimensional diffusion model is illustrated in Fig. 6. Using
separate half spaces as initial condition before annealing,
50 z0
 
cGe/cbGe / 0
z
1
tan=0
tan > 0 
a) b)
n-GaAs
nanowire
Pd
Ge
Au
z
0
z0
FIG. 6. a) Material stacking at contacts to the GaAs nanowire
before annealing. The sketch shows two facets of the hexag-
onal nanowire, compare inset of Fig. 1. b) Illustration of the
simplified one-dimensional diffusion model: Before annealing,
i.e. for tan = 0, the germanium concentration is approximated
in terms of two half-spaces, where cGe(z < 0) = c
b
Ge, assum-
ing pure germanium, while cGe(z ≥ 0) = 0 (solid black line).
After annealing for tan > 0 the germanium concentration is
altered by diffusion (dashed black line). Germanium that dif-
fused into the nanowire reduces the width of the Schottky
barrier at the metal-semiconductor interface. The Schottky
barrier is sketched by solid versus dashed red lines before and
after annealing.
we assume the initial (tan = 0) concentration distribution
cGe(z > 0) = 0 and cGe(z ≤ 0) = cbGe with cbGe being
the bulk atomic concentration within the layer of pure
Ge, see Fig. 6(a). Applying Fick’s laws we model the
Ge concentration near the nanowire surface as a function
of diffusion depth z, annealing time tan, and annealing
temperature Tan as [26]
cGe(z) =
cbGe
2
1 + erf
 −z
2 ·
√
tanD0 exp
(
−EA
kBTan
)

 ,
(1)
where D0 and EA denote the diffusion coefficient and
hopping activation energy, respectively. The nanowire
doping concentration predicted by Eq. (1) is then
nD(z) = cSi + cGe(z) (2)
assuming that every incorporated Ge atom and every Si
atom act equally as one donor atom [27].
As a consequence of the above simplification for the
diffusion dynamics, we cannot predict the realistic mi-
croscopic donor distribution in detail. Consequently, the
shape of the Schottky barrier is also not precisely known.
As hinted above, this limitation is very common and, in
particular, applies to nanostructures with Schottky bar-
riers fabricated by local diffusion. In order to estimate
the consequences of an unknown Schottky barrier shape
and to determine the relevance of a specific shape for the
physical predictions of a model, we calculate the trans-
mission for various barrier shapes.
In our first calculation, we follow the standard ap-
proach by assuming a uniform nD using cGe(z = z0) with
z0 = 50 nm as a reference depth in Eq. (1). Further-
more, we neglect screening effects such that the Schottky
barrier takes its text book shape
φ(z) = φ0
(
1− z
WSB
)2
(3)
for 0 ≤ z ≤ WSB and φ(z) = 0 elsewhere and with the
barrier width determined by
WSB =
√
2ε0εGaAs
enD
φ0 .
Here, ε0 and εGaAs are the dielectric constant of vacuum
and GaAs, respectively, while e is the elementary charge.
The barrier height φ0 is, in first approximation, a ma-
terial constant independent of nD, hence independent of
the detailed barrier shape.
To capture thermally activated hopping over the bar-
rier as well as quantum tunneling, the transmission
through a Schottky barrier, described by Eq. (3), is
traditionally approximated in terms of three separate
contributions: thermionic emission, field emission, and
thermionic field emission [17, 18, 28]. The accuracy of
this semiclassical approach is hard to predict away from
the extreme limits (deep classical or quantum limit). For
these limits, the barrier shape does not matter. For the
case of a (truncated) parabolic barrier, the exact trans-
mission can be calculated analytically, which was sug-
gested as a possible route to approximate the transmis-
sion through realistic Schottky barriers [29]. Instead, we
calculate numerically the full transmission for arbitrary
barrier shapes. Our analysis below shows that physi-
cal predictions require knowledge of the realistic barrier
shape.
Implementing a transfer-matrix method (TMM) [30],
we have evaluated the contact resitance RC for four dif-
ferent shapes of the Schottky barrier, as illustrated in the
insets of Fig. 7. A detailed description of the numerical
model is given in the Appendix. Our first example is a
simple triangular potential, φ(z) = φ0·(1−z/a) ∀ 0 ≤ z ≤
a. The second example is a parabolic barrier with maxi-
mum at a/2, φ(z) = φ0·(1−4(z/a−0.5)2) ∀ 0 ≤ z ≤ a. As
the parabolic barrier allows for an analytical calculation
[29], we take it as a reference to verify our numerical cal-
culations, as discussed in the Appendix. Next, we have
assumed half of a parabola with a maximum softened
by an arctangent function, φ(z) = φ0 · (arctan(15z/a) ·
(1 − z/a)2) ∀ 0 ≤ z ≤ a. This potential shape is very
close to (albeit more realistic than) the Schottky barrier
for a homogeneous carrier distribution described by Eq.
(3). Finally, to account for the expected decrease of the
donor concentration away from the nanowire surface as
predicted by Eq. (1), we have employed a steeper poten-
tial resembling half a cubic parabola with a softened max-
imum, φ(z) = φ0 ·(arctan(15z/a)·(1−z/a)3) ∀ 0 ≤ z ≤ a.
We expect the last one to describe the most realistic bar-
rier shape.
The simulation parameters, i.e. height of the Schot-
tky barrier φ0, activation energy Ea, and the diffusion
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FIG. 7. R2TM(Tan) measured at 300 K for annealing times tan = 30 s (red), 90 s (black), and 200 s (blue). The data are identical
to those in Fig. 4 and are plotted as symbols. Model curves are plotted as lines. Potential shapes are shown in the insets. They
are a) triangular φ(z) = φ0 · (1− z/a), b) parabolic φ(z) = φ0 · (1− 4(z/a− 0.5)2), c) half a parabola with softened maximum
φ(z) = φ0·(arctan(15z/a)·(1−z/a)2), and d) half a cubic parabola with softened maximum φ(z) = φ0·(arctan(15z/a)·(1−z/a)3).
All potentials are zero for z < 0 and z > a.
constant D0 are not well known. Together, they de-
fine the barrier width a, assuming a = WSB via Eqs.
(1)–(3). We determine these parameters from a least-
squares fit of the simulations to measured 2TM resis-
tances, R2TM = 2RC + RNW. In Fig. 7 we present the
calculated curves R2TM(Tan) in comparison to our mea-
sured data points already seen in Fig. 4. For our calcula-
tions we used nD(z0) with z0 = 50 nm, which is the thick-
ness of the palladium layer, as germanium has to pass the
palladium before diffusing into the GaAs nanowire. This
choice reflects the simplification of a complex diffusion
process to a one-dimensional model described by Fick’s
laws. A different z0 will change the absolute values of Ea
and D0, but does not affect their relative changes and
our main conclusions. The parameters thus obtained
by fitting the four potential shapes are listed in Tab. I.
While Ea remains quite similar for all potential shapes
under consideration, φ0 and D0 exhibit stronger varia-
tions. As demonstrated in Fig. 7 within the measurement
accuracy our model captures the measured two-terminal
resistance as a function of annealing temperature and
time correctly, independent of the details of the Schot-
tky barrier shapes. As a result, the specific shape of the
φ(z)/φ0 φ0 (meV) Ea (eV) D0 (m
2/s)
1− z/a 679 1.440 8.46·10−5
1− 4(z/a− 0.5)2 583 1.442 7.92·10−5
arctan(15z/a) · (1− z/a)2 781 1.408 5.10·10−5
arctan(15z/a) · (1− z/a)3 816 1.440 7.42·10−5
TABLE I. Fit parameters obtained from a least-squares fit for
the considered potential shapes and used for the model curves
presented in Fig. 7.
Schottky barrier clearly cannot be concluded from our
simulations.
The reduction of R2TM observed with increased Tan
in Figs. 4 and 7 reflects the dependence of the barrier
width WSB on Tan and tan [also see discussion of Fig. 4
above]. Our model curves capture the resitance drop by
more than three orders of magnitude and the dependence
of this drop on both, the annealing temperature Tan and
duration tan correctly. This supports our procedure of
simplifying a complex diffusion process by Fick’s laws.
A detailed physical understanding beyond our analysis,
a prediction of the contact resistance, or a prediction
7of the perfect annealing parameters would require the
knowledge of the exact shape of the Schottky barrier.
However, if such an insight can be achieved, the TMM is
a reliable and computationally efficient method to pro-
vide further quantitative information, e.g. on the barrier
width and height, which then could lead to a further op-
timization of the electrical contacts to nanowires.
For completeness, we present the Schottky barrier
width dependence on annealing temperature WSB(Tan)
in Fig. 8 calculated with Eqs. (1)–(3).
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FIG. 8. WSB of the barrier described by half a cubic
parabola as a function of the annealing temperature Tan for
D0=6.004×10−5m2/s, Ea=1.424 eV and tan = 200 s.
V. SUMMARY
We studied the effect of annealing parameters on the
formation of ohmic contacts to GaAs nanowires and
thereby minimized the contact resistance. Our procedure
allows to systematically and reliably optimize ohmic con-
tacts by diffusion and can be applied to arbitrary nanos-
tructures. We developed a phenomenological model de-
scribing the formation of a Schottky barrier by donor
diffusion and determining the transmission through the
barrier using the transfer-matrix method. The latter ac-
curately describes our data independent of the shape of
the Schottky barrier. In order to precisely predict phys-
ical parameters it would be necessary to know the shape
of the barrier, which –in turn– would require a detailed
understanding of the complex diffusion processes on a
microscopic level.
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VII. APPENDIX
Numerical transfer matrix method
A particle with energy E is transmitted from left to
right through a barrier with transmission Θ. We be-
gin with considering the one-dimensional problem and
thereby omit the time dependence, which is not relevant
for our problem. The wave function of the particle im-
pinging the barrier from the left is then Ψ1(z) = A1e
ik1z,
which is partially reflected to the left with amplitude
ΨR(z) = ARe
−ik1z and transmitted to the right side of
the barrier with ΨT(z) = ATe
ik2z. The relationship be-
tween E and wave numbers k1,2 can be found by sub-
stituting these wave functions into the time independent
Schro¨dinger equation
~2
2m
∂2Ψ(z)
∂z2
= Φ(z)Ψ(z) .
With Φl and Φr denoting the values of the potential Φ(z)
at the left and right side of the barrier we find
El = E − Φl = ~
2k21
2m
and Er = E − Φr = ~
2k22
2m
,
where m is the effective mass which we assume to be
constant, resembling the parabolic band approximation.
To determine the wave function for a finite barrier Φ(z)
of arbitrary shape between z = 0 and z = a, we predefine
the value of the wave function at z = a to be unity and
calculate its corresponding derivative
Ψ(z)|z=a = 1 and
∂Ψ(z)
∂z
∣∣∣∣
z=a
= ik2 .
As the next step, we numerically integrate the
Schro¨dinger equation from z = a to z = 0, while the
wave function and its derivative need to satisfy
Ψ(0) = A1 +AR and ik1A1 − ik1AR = ∂Ψ(z)
∂z
∣∣∣∣
z=0
.
such that
A1 =
Ψ(0)
2
+
i
2k1
∂Ψ(z)
∂z
∣∣∣∣
z=0
and
AR =
Ψ(0)
2
− i
2k1
∂Ψ(z)
∂z
∣∣∣∣
z=0
.
To complete the one-dimensional problem, we numeri-
cally calculate the reflection and transmission coefficients
R and Θ1D using
Θ1D = 1−R = 1− A
†
RAR
A†1A1
.
We calculate the one-dimensional transmission because
only momentum components perpendicular to the bar-
rier contribute. Still, to determine the realistic trans-
mission in three dimensions, we have to factor in the
8three-dimensional dispersion relation of the impinging
electrons [29]. First, we calculate the three-dimensional
partial transmission at a given energy E by numerically
integrating
ΘP3D(E, V ) =
1
E
∫ E
0
Θ1D(Ez, V )dEz (4)
with the applied voltage V and the kinetic energy com-
ponent Ez = E1 =
~2k21
2m of electrons corresponding to
their initial motion in the z direction. To determine the
full three-dimensional transmission Θ3D(V ) we have to
integrate TP3D(E, V ) over all relevant energies. We first
calculate the transmission at zero temperature
Θ0(V ) =
1
eV EF
∫ EF
EF−eV
ΘP3D(E, V )EdE
and then, using the Sommerfeld expansion valid for
kBT  eV EF [31], the lowest order correction term for
a finite temperature
∆Θ(V ) =
pi2
6
(kBT )
2
eV EF
[
ΘP3D(EF, V )−ΘP3D(EF − eV, V )
]
such that
Θ3D(V ) ' Θ0(V ) + ∆Θ(V ) .
After numerically computing
d
dV
Θ0V |V=0 and d
dV
∆ΘV |V=0
we calculate the linear-response two-terminal resistance
with
R2TM = 2RC +RNW
= 2
{
GS
(
d
dV
Θ0V |V=0 + d
dV
∆ΘV |V=0
)}−1
+RNW
(5)
where
GS =
piA
λ2F
GQ with A = 0.5 · 2pirL .
Here, GQ = 2e
2/h is the conductance quantum, r the
radius of the NW and L the contact width along the
NW, while λF is the Fermi wavelength (cf. Tab. II). We
declared convergence to be achieved for δV < 0.1 mV.
To simulate Schottky barriers in the present work, we
assumed the nominal Schottky barrier width WSB(z0) to
be equal to the actual barrier width a.
Analytical solution for a parabolic barrier
The transmission through a parabolic barrier of the
form φ(z) = φ0 · (1 − 4(z/a − 0.5)2) can be calculated
parameter value parameter value
me (m0) 0.067 γ (eV
−1) 27.0794
EF (meV) 14.0 λF (nm) 24
d (nm) 13.0 r (nm) 90
φ0 (eV) 1.0 L (µm) 1
V (V) 0.01 .. 1 RNW (kΩ) 25
D0 (m
2/s) 10−4 EA (eV) 1.445
cSi (m
−3) 9×1024 cbGe (m−3) 4.42×1028
z0 (nm) 50 εGaAs 13.18
TABLE II. Values employed for the calculations.
analytically, which we have used to verify the correctness
of our numerical calculations. We follow the approach
of Hansen and Brandbyge [29], but demonstrate that a
term omitted in their calculation becomes relevant for
small Fermi energies typical for doped semiconductors.
We have to solve the integral in Eq. (4) to obtain the
partial transmission ΘP3D, where we take Θ1D from Eq.
(19) in Ref. [29]
Θ1D(Ez, V ) =
1
1 + exp[γ(φ˜V − Ez)]
(6)
with γ =
√
2pi2
h
√
me
φ0
d and φ˜V = φ0
(
1 +
1
4
eV
φ0
)2
.
Here, we define eV as in Fig. 2 of Ref. [29] to be positive.
We obtain:
ΘP3D(E, V ) =
1
E
∫ E
0
1
1 + exp[γ(φV − Ez)]dEz =
1+
1
Eγ
{ln[1 + exp(−γ(E − φV ))]− ln[1 + exp(γφV )]} ,
where the term omitted in Eq. (21) of Ref. [29] is marked
red and
9Θ0(V ) =
1
e · V EF
∫ EF
EF−e·V
EΘP3D(E, V )dE
=
Li2[− exp(−γ(φ˜V − EF )]− Li2[− exp(−γ(φ˜V − e · V − EF ))]
γ2EF e · V +
γφ˜V − ln[1 + exp(γφ˜V )]
γEF
.
To obtain the resistance at zero temperature, we compute
d
dV
Θ0V |V=0 = 1
γEF
{
exp[−γ(φ˜V − EF )]
+γφ˜V − ln(1 + exp[γφ˜V ])
}
. (7)
In Fig. 9 we evaluate the impact of the neglected term in
Ref. [29] (second line, red) by plotting ddV Θ0V |V=0 as a
function of the Fermi energy EF . While omitting the red
terms yields a good approximation above a Fermi energy
of about 100 meV, the correct value of ddV Θ0V |V=0 is
almost 70% smaller at the Fermi energy of 14 meV in
our nanowires. All other parameters required for this
comparison are listed in Tab. II. Omitting the correction
term, as proposed in Ref. [29] clearly yields an incorrect
description of our system. With
0
0.05
0.1
0.15
0.2
0.25
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
∆ at EF = 0.014 eV: 68%
d d
V
(Θ
0
·V
)| V
=
0
(1
0−
1
0
)
EF (eV)
without correction
with correction
FIG. 9. The linear-response resistance at zero temperature
of a barrier is proportional to d
dV
Θ0V |V=0, which is plotted
for a parabolic barrier as a function of the Fermi Energy EF .
The red dashed line is the exact analytical solution. The solid
black line neglects the two non-exponential terms in Eq. (7),
as suggested as an approximation in Ref. [29].
d
dV
∆ΘV |V=0 = pi
2
6
(kBT )
2
EF
γ exp[γ(φ˜V − EF )]
(1 + exp[γ(φ˜V − EF )])2
(8)
and using Eqs. (7) and (8), the 2TM resistance can be
calculated from Eq. (5).
In the following, we approximate the Schottky bar-
rier with barriers of parabolic shape in order to use the
formalism introduced by Hansen and Brandbyge. For
a comparison, we keep either {1} the barrier height φ0
or {2} the barrier width WSB unchanged and adjust the
other parameter to keep the tunnel probability at fixed
Fermi energy. The width depends on the Ge concentra-
tion according to Eq. (3) which, in turn, is a function of
the annealing temperature Tan as shown in Fig. 8. The
barriers are approximated as
[E − EF ]1(z) = φ0 − φ0pi
2
W 2SB
(
z − WSB
pi
)2
(9)
for {1} and as
[E − EF ]2(z) = 4φ0
pi2
− 16φ0
(WSBpi)2
(
z − WSB
2
)2
(10)
for {2}. The respective heights and widths of the two
parabolic barriers are
φ1 = φ0 and W1 =
2WSB
pi
(11)
φ2 =
4φ0
pi2
and W2 = WSB . (12)
Replacing γ and φ˜ in Eq. (7) with
γ1,2 =
√
2pi2
h
√
me
φ1,2
W1,2 (13)
and φ1,2, respectively, we compute the 2TM linear-
response resistance R2TM of the nanowire and two con-
tacts using Eq. (5). In Fig. 10 we present the calculated
R2TM as a function of the annealing temperature for dif-
ferent annealing times for the two parabolic barriers with
and without the correction terms in Eq. (7). For a direct
comparison we also plot the measured R2TM.
10
103
105
107
109
200 220 240 260 280 300
tan=200s
orig.
corr.
200 220 240 260 280 300
tan=200s
103
105
107
109
tan=90s tan=90s
103
105
107
109
tan=30s tan=30s
Tan (◦C)
exp.
0 K
300 K
Tan (◦C)
R
2
T
M
(Ω
)
φ1 = φ0, W1 = 2piWSB φ2 =
4
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FIG. 10. Two terminal resistance R2TM calculated for tem-
peratures T = 0 K (solid) and 300 K (dashed) for different
annealing times as a function of the annealing temperature.
Analytical solutions for parabolic barriers: left hand side for
fixed barrier height {1}, right hand side for fixed barrier width
{2}. Black curves are obtained without the correction term
in Eq. (7), red curves include the correction. R2TM values
measured at room temperature are shown as blue dots.
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